This paper studies the theory and applications of the diffraction of electromagnetic waves by spacetime periodic (STP) diffraction gratings. We show that, in contrast with conventional spatially periodic grating, a STP diffraction grating produces spatial diffraction orders, each of which is formed by an infinite set of temporal diffraction orders. Such spatiotemporally periodic gratings are endowed with enhanced functionalities and exotic characteristics, such as asymmetric diffraction pattern, nonreciprocal diffraction, and enhanced diffraction efficiency. The theory of the wave diffraction by STP gratings is formulated through satisfying the conservation of both momentum and energy, and rigorous Floquet mode analysis. Furthermore, the theoretical analysis of the structure is supported by time and frequency domain FDTD numerical simulations for both transmissive and reflective STP diffraction gratings. Additionally, we provide the conditions for Bragg and RamanNath diffraction regimes for STP gratings. Finally, as a particular example of a practical application of the STP diffraction gratings to communication systems, we propose an original multiple access communication system featuring full-duplex operation. STP diffraction gratings are expected to find exotic practical applications in communication systems, especially for the realization of enhancedefficiency or full-duplex beam coders, nonreciprocal beam splitters, nonreciprocal and enhancedresolution holograms, and illusion cloaks.
I. INTRODUCTION
Light diffraction by spatially periodic structures is a fundamental phenomenon in optics and is of great importance in a variety of engineering applications [1] [2] [3] [4] [5] [6] [7] [8] . Such spatially periodic diffraction gratings are formed by a slab with a periodic spatial variation at the wavelength scale. The form of the grating periodicity is usually sinusoidal [9, 10] or binary [11] . They exhibit unique spectral properties as the light impinging on the periodically modulated medium is reflected or transmitted at specific angles only, which in general is not the case for aperiodic media. Diffraction gratings play the main role in numerous electromagnetic systems [4, 12] , including but not restricted to, holography [13, 14] , beam shaping [15] , data processing and opical logic [16, 17] , medical diagnostic measurements [18, 19] , microwave and optical spectrum analysis [3, 20, 21] Over the past decade, STP media have spurred a huge scientific attention, due to their extraordinary interaction with electromagnetic waves [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] . Such media are not governed by the Lorentz reciprocity law, so that they may provide a nonreciprocal frequency generation and amplification. Analytical investigation of wave propagation and scattering in time periodic media [35, 36] , and STP media [24, 26, 27, 33, 37, 38] represents an interesting topic due to the complexity and rich physics of the problem. Moreover, an interesting feature is the diverse and unique practical applications of STP media. As of today, STP structures have been used as parametric traveling-wave amplifiers [37] [38] [39] [40] , optical isolators and circulators [26, [41] [42] [43] [44] [45] [46] , nonreciprocal metasurfaces [47] [48] [49] , pure frequency mixers [50] , antennas [51] [52] [53] [54] [55] , impedance matching structures [56] , and mixer-duplexer-antenna systems [57] . This paper presents the theoretical analysis of diffraction from a generalized STP diffraction grating. This includes the wave diffraction from the grating and the angle of transmission and reflection for each spatial-temporal diffraction order. The provided analysis is applicable to all types of periodicities. We show that, in contrast to conventional spatially periodic gratings, in a STP grating, each spatial diffraction order is composed of an infinite number of temporal harmonics, each one of which is diffracted at a certain angle of diffraction. It is demonstrated that such a STP grating provides more functionalities, such as nonreciprocal diffraction, an asymmetric diffraction pattern and inherent frequency generation, which may be used to realize new optical and communication systems with enhanced efficiency. The theoretical analysis of these STP gratings is supported by a wavevector diagram of the diffracted space-time orders. In addition, we provide the FDTD numerical simulation of the problem. We deeply investigate the difference between the wave diffraction in transmissive and reflective STP diffraction gratings, as well as the diffraction in Bragg (thick) and Raman-Nath (thin) regimes of STP gratings. Furthermore, it is shown that the modulation signal can be used for diffraction steering.
The paper is structured as follows. Section II presents the theoretical analysis of the wave diffraction from general STP diffraction gratings, and derives the diffraction angles for each space-time diffracted order. In Sec. III, we provide some illustrative examples with the FDTD numerical simulation investigation in the time and frequency domains. This section also evaluates the effect of the grating thickness on the wave diffraction. Next, Sec. IV demonstrates the nonreciprocal diffraction by transmissive and reflective STP gratings. Section V discusses practical applications based on leveraging the unique and exotic properties of diffraction from STP gratings. Finally, Sec. VI concludes the paper.
II. THEORETICAL ANALYSIS
A. Space-time periodic (STP) diffraction grating Figure 1 (a) depicts the wave diffraction from conventional transmissive planar spatially periodic diffraction gratings. The conventional static grating in Fig. 1(a) possesses a relative electric permittivity in the region from z = 0 to z = d given by n 2 gr (x) = gr (x) = f per (x), where f per (x) is a periodic function of x, e.g., a sinusoidal, binary (square), or sawtooth function. Electromagnetic waves always travel in straight lines, but when passing near an obstruction they tend to bend around that obstruction and spread out. The diffraction phenomenon occurs when an electromagnetic wave passes by a corner or through a slit or grating that has an optical size comparable to the wavelength. The diffraction by a grating is a specialized case of wave scattering, where an object with regularly repeating features yields an orderly diffraction of the electromagnetic wave in a pattern consisting of a set of diffraction orders m. As shown in Fig. 1(a) , considering normal incidence of the input wave (θ i = 0), the diffraction produced by conventional transmissive static spatially periodic gratings is symmetric with respect to the periodicity (x) direction. The symemtry of the diffraction pattern includes the symmetry in both the angles of diffraction orders θ m (e.g., θ +2 = θ −2 ) and the intensity of the diffracted orders P m (e.g., P +2 = P −2 ). In addition, assuming a monochromatic input wave with temporal frequency ω 0 , no change in the temporal frequency of the incident field occurs, and hence, the diffracted orders share the same temporal frequency of ω 0 . Now, consider the transmissive planar STP diffraction grating shown in Fig. 1(b) . This figure shows a generic representation of the spatiotemporal diffraction from a STP diffraction grating, which is distinctly different from the spatial diffraction from a conventional space periodic diffraction grating in Fig. 1(a) . The grating is interfaced with two semi-infinite dielectric regions, i.e., region 1 characterized with the refractive index n 1 and wavenumber k, and region 3 characterized with the refractive index n 3 and wavenumber k . The relative electric permittivity of this STP grating is periodic in both space and time, with temporal frequency Ω and spatial frequency K, given by
Diffraction from a transmissive grating for a monochromatic incident wave. (a) Conventional spatial diffraction grating with n 2 gr (x) = gr(x) = fper(x), where spatial diffraction orders (e.g. −2 < m < 2) share the same temporal frequency, i.e., ω0, with the input wave. (b) Generalized STP diffraction grating, i.e., n 2 gr (x, t) = gr(x, t) = f (f1,per(x), f2,per(t)), where each mth spatial diffraction order (e.g., −2 < m < 3) is formed by an infinite number of temporal diffraction orders ω0 + nΩ with −∞ < n < ∞.
where f 1,per (x) and f 2,per (t) are periodic functions of space (in the x direction) and time, respectively. The wavenumber in region 2 (inside the STP grating) is denoted by k .
Assuming normal (or oblique) incidence of the input wave, the transmissive dynamic spatiotemporally periodic gratings (shown in Fig. 1(b) ) produces a diffraction pattern which, in contrast to the conventional gratings, is not symmetric with respect to the periodicity (x) direction. The asymmetry of the diffraction pattern extends to both the diffraction angles of diffracted orders θ m (e.g., θ m=+2 = θ m−2 ) and the intensities of the diffracted orders P m (e.g., P m=+2 = P m=−2 ). Furthermore, the timevariation of the grating (with frequency Ω) results in the generation of new frequencies. Hence, assuming a monochromatic input wave with temporal frequency ω 0 , an infinite set of temporal frequencies will be generated inside the grating and will be diffracted, so that each spatial diffracted order (m) is composed of an infinite number of temporal diffraction orders n. As a result, for such a generalized STP diffraction grating, the diffraction characteristics are defined for each spatial-temporal diffracted order (mn) so that the diffracted order (mn) is transmitted at a specified angle θ mn attributed to the electric field E T mn . To best investigate the wave diffraction by a spacetime-varying grating, we first study the interaction of the electromagnetic wave with space and time interfaces, separately. Figure 2 (a) sketches the Minkowski spacetime diagram of a spatial interface between two media of refractive indices n 1 and n 2 , respectively, in the plane (z, ct). This figure shows scattering of forward and backward fields and conservation of energy and momentum for different scenarios. The temporal axis of the Minkowski space-time diagram is scaled with the speed of light c, and therefore is labeled by ct for changing the dimension of the addressed physical quantity from time to length, in accordance to the dimension associated to the spatial axes labeled z. This problem represents the conventional case of electromagnetic wave incidence and scattering from a spatial (static) interface, where n(z < 0) = n 1 and n(z > 0) = n 2 . At this spatial boundary, the normal magnetic field B, the normal electric field displacement D, and the temporal frequency are preserved, but the wavenumber k changes, i.e., energy is preserved but momentum changes. As a result, the wavenumber of the forward transmitted wave in the region 2 corresponds to k + t = n 1 k + i /n 2 , whereas the temporal frequency of the transmitted wave in region 2 is equal to that of the region 1, i.e., ω t = ω i . Figure 2 (b) shows the space-time diagram of a time interface between two media of refractive indices n 1 and n 2 , which is the dual case of the spatial slab in Fig. 2(a) [58] [59] [60] . Here, the refractive index suddenly changes from one value (n 1 ) to another (n 2 ) at a given time throughout all space, i.e., n(t < 0) = n 1 and n(t > 0) = n 2 . The temporal change of the refractive index produces both reflected (backward) and transmitted (forward) waves, which is analogous to the reflected and transmitted waves produced at the spatial interface between two different media in Fig. 2(a) . The total charge Q and the total flux ψ must remain constant at the moment of the jump from n 1 to n 2 , implying that both transversal and normal components of D and B do not change instantaneously [61, 62] , which is different than the static case (shown in Fig. 2(a) ) where only normal components of the magnetic field B and electric field displacement D are conserved. Specifically, at a time interface, the magnetic field B, the electric field displacement D and the wavenumber k are preserved. This yields a change in the temporal frequency of the incident wave so that the frequency of the forward transmitted wave in the region 2 corresponds to ω + t = n 1 ω + i /n 2 , i.e., where momentum is preserved but energy changes. Figure 2 (c) depicts the space-time diagram of a spatialtemporal interface, i.e., n(z/c + t < 0) = n 1 and n(z/c + t > 0) = n 2 , as the combination of the space and time interfaces in Figs. 2(a) and 2(b), respectively. It may be seen that the spatial-temporal interface resembles the spatial interface configuration in Fig. 2(a) in the region n = n 1 and the temporal interface configuration in Fig. 2(b) for n = n 2 . Here, only one of the four forward and backward waves reaches the interaction point from the past, whereas the other three waves travel from the interface in the positive time direction [25, 59, 63] . At such a spatial-temporal interface, normal component of the magnetic field B and normal component of the electric field displacement D are preserved [64, 65] . However, both the spatial frequency (wavenumber) k and the temporal frequency changes, i.e., both momentum and energy change. For a periodic space-time-modulated medium, as in Fig. 1(b) , the same phenomenon, i.e., a change in the spatial and temporal frequencies occurs for each interface. Hence, following the Floquet theorem, a STP grating introduces an infinite number of space and time diffraction orders, as it is described in Sec. II B. Figure 3 shows a generic illustration example of a wavevector isofrequency diagram for the diffraction from a STP diffraction grating. The grating is characterized with the spatial frequency K (the spatial periodicity of the STP grating reads Λ = 2π/K) and the temporal frequency Ω. Figure 3 sketches the phase matching of spatial-temporal harmonic components of the total field inside the grating with propagating backward diffracted orders in region 1, and forward diffracted orders in region 3. We assume the grating is interfaced with two semifinite dielectrics, i.e., z → −∞ < region 1 < z = 0 and d < region 3 < z → ∞, respectively. Region 1, region 2 (inside the STP grating) and region 3 are, respectively, characterized with the phase velocities v r = c/n 1 , v r = c/n av and v r = c/n 3 , and the wavevectors k mn = k x,mnx + k z,mnẑ , k pmn = k x,pmnx + k z,pmnẑ , and k mn = k x,mnx + k z,mnẑ . Here, c represents the velocity of the light in the vacuum, m and n denote the number of the space and time harmonics, respectively, while p represents the number of the mode in region 2, inside the grating (these modes only exist inside the grating, and Sec. II D elaborates on their properties).
B. Diffraction angles
The STP grating assumes oblique incidence of a y- polarized electric field, with temporal frequency ω 0 and under an angle of incidence θ i with respect to the normal of the grating, i.e.,
where E 0 is the amplitude of the incident wave. In Eq. (2),
are the x and z components of the incident wavevector, respectively. The x component of the wavevector outside the STP grating, in region 3, reads
where
and where k 0 = ω 0 /v r . The corresponding z component of the wavevector in region 3 is calculated using the Helmholtz relation, as
. (5) The x and z components of the wavevector in region 1 (k x,mn and k z,mn ) and inside the grating (k x,mn and k z,mn ) can be achieved following the same procedure as in Eqs. (4) and (5). The space-time diffraction process may be simply interpreted as follows. The incident wave is refracted into the grating medium at z = 0, while generating an infinite set of time harmonics inside the grating, with frequencies ω n = ω 0 + nΩ corresponding to the wavevectors k n = k 0 + nΩ/v r . The refracted space-time plane waves in the grating are diffracted into an infinite set of plane waves traveling toward the z = d boundary. The space-time harmonic waves inside the grating are phase matched into propagating and evanescent waves in region 3, i.e., the x components of the wavevectors of the mth mode in regions 1 and 3 and the x component of the wavevector of the mth space-time harmonic field in region 2 must be the same.
To determine the spatial and temporal frequencies of the diffracted orders, we consider the momentum conservation law, i.e.,
or
and the energy conservation law, i.e.,
where k x,diff and k x,inc denote the x components of the wavevector of the diffracted and incident fields, respectively, and ω diff and ω inc represent the temporal frequencies of the diffracted and incident fields, respectively. Equation (6b), using (4), may be written as
where k 0 = n 1 ω 0 /c. Seeking for the angle of diffraction for the forward spatial-temporal diffracted orders in region 3, i.e., the mth spatial and nth temporal harmonic, yields
The corresponding angle of diffraction for the backward diffracted orders in region 1 reads
Wavevector isofrequency diagram for the diffraction from a STP diffraction grating, exhibiting phase matching of spatial-temporal harmonic components of total field inside the grating with propagating backward diffracted orders in region 1, and forward diffracted orders in region 3. The diffracted spatial-temporal harmonics corresponding to −1 < m < +2 are propagating diffracted orders, whereas the harmonics corresponding to m < −1 and m > +2 are evanescent (cut off) outside the STP grating.
C. Propagating and evanescent Orders
For a given set of incident angles, spatial and temporal frequencies of the grating, and the wavelength of the incident beam, the grating equation in Eq. (6b) may be satisfied for more than one value of m and n. However, there exists a solution only when | sin (θ mn ) | < 1. Diffraction orders corresponding to m and n satisfying this condition are called propagating orders. The other orders yielding | sin (θ mn ) | > 1 correspond to imaginary z components of the wavevector k z,mn as well as complex angles of diffraction sin(θ mn ). These evanescent orders decrease exponentially with the distance from the grating, and hence, can be detected only at a distance less than a few wavelengths from the grating. However, these evanescent orders play a key role in some surfaceenhanced grating properties and are taken into account in the theory of gratings. Evanescent orders are essential in some special applications, such as for instance waveguide and fiber gratings. The specular order (m = 0) is always propagating while the others can be either propagating or evanescent. The modulations with 2π/K << λ 0 will produce evanescent orders for m = 0, while the modulations with 2π/K >> λ 0 will yield a large number of propagating orders.
In the homogeneous regions, i.e., regions 1 and 3, the magnitude of the wavevectors of the backward-and forward-diffracted orders read
and
As explained before, the x components of the diffracted wavevectors, k x,mn and k x,mn , can be deduced from the phase-matching requirements. Then, the propagating and evanescent nature of the corresponding orders will be specified based on the k z,mn and k x,mn , as follows. The real k z,mn s and k z,mn s correspond to propagating orders, whereas the imaginary k z,mn s and k z,mn s correspond to evanescent orders. The propagating and evanescent mth fields in regions 1 and 3 are shown in Fig. 3 . The wavevectors in regions 1 and 3 possess magnitudes |k n | and |k n |, respectively. Hence, all the spatial diffraction orders for the nth temporal harmonic in these two regions share the same amplitude, i.e, |k mn | = |k n | and |k mn | = |k n |. Semicircles with these radii are sketched in Fig. 3 . The allowed wavevectors in these regions must be phased matched to the boundary components of the spatial-temporal diffracted order inside the grating. This is shown by the horizontal dashed lines in the figure. In the qualitative illustration in Fig. 3 , for the incident wave of wavevector k 0 and the grating with grating wavevector K and temporal frequency Ω, the m = −1 to +2 waves exist as propagating diffracted orders in regions 1 and 3. However, m −2 and m +1 will be diffracted as evanescent orders.
D. Diffracted Electromagnetic fields
The electromagnetic wave propagation and diffraction in general periodic media may be studied by several approaches. Among the proposed approaches, the modal approach [3, 9, 26, 66] and the coupled-wave approach [11, 24] represent the most common and insightful approaches for analysis of periodic media diffraction gratings, both of which provide exact formulations without approximations. Here, we study the wave diffraction inside the STP grating using the modal approach. The modal approach has also been referred to as the Bloch-Floquet (or Floquet-Bloch), characteristic-mode, and eigenmode approach. Such an approach expresses the electromagnetic fields inside the grating as a combination of an infinite number of modes, each of those individually satisfying Maxwells equations.
First, we expand the field inside the modulated medium in terms of the spatial-temporal diffracted orders (m and n) of the field in the periodic structure. This is due to the fact that the electromagnetic waves in periodic media take on the same periodicity as their host. These spatial-temporal diffracted orders inside the grating are phase matched to diffracted orders (either propagating or evanescent) outside of the grating. The partial space-time harmonic fields may be considered as inhomogeneous plane waves with a varying amplitude along the planar phase front. These inhomogeneous plane waves are dependent and they exchange energy back and forth between each other in the modulated grating.
Since the electric permittivity of the grating is periodic in both space and time, with spatial frequency K and temporal frequency Ω, it may be expressed in terms of the double Fourier series expansion, as
where mn are complex coefficients of the permittivity, and K and Ω are the spatial and modulation frequencies, respectively. The electric field inside the grating is expressed in terms of a sum of an infinite number of modes, i.e.,
Given the spatial-temporal periodicity of the grating, the corresponding electric field of the pth mode inside the grating may be decomposed into spatiotemporal BlochFloquet plane waves, as
In Eq. (14), θ p0n reads
The corresponding magnetic field inside the grating reads
The unknown field coefficients E pmn and k x,p00 are to be found through satisfying Maxwell's equations, that is,
The corresponding wave equation for the STP grating may be derived from Eqs. (18a) and (18b) and reads
We assume that the grating is invariant in the y direction (i.e., ∂/∂y = 0). Then, inserting (12) into (19) yields
Solving Eq. 20 for the unknown field coefficients E pmn gives
Next, we determine the backward diffracted fields in region 1 and forward diffracted fields in region 3. As depicted in Fig. 3 , one must consider the multiple backward and forward-propagating diffracted orders that exist inside and outside of the grating. The total electric field in region 1 is the sum of the incident and the backwardtraveling diffracted orders, as
where E R mn is the unknown amplitude of the mth reflected spatial-temporal diffracted orders in region 1, with the wavevectors k x,mn and k z,mn . The total electric field in region 3 reads
where E T mn is the amplitude of the mth transmitted spatial-temporal diffracted order in region 3, with the wavevectors k x,mn and k z,mn . To determine the unknown field coefficients of the backward and forward diffracted orders, E R mn and E T mn , we enforce the continuity of the tangential electric and magnetic fields at the boundaries of the grating at z = 0 and z = d. The electric field continuity condition between regions 1 and 2 at z = 0, E 1y (x, 0, t) = E 2y (x, 0, t), using (12) and (22) , reduces to
and the corresponding magnetic field continuity condition, i.e., H 1x (x, 0, t) = H 2x (x, 0, t), may be formulated as
The electric field continuity condition between regions 2 and 3 at z = d, E 2y (x, d, t) = E 3y (x, d, t), reduces to
while the corresponding tangential magnetic field continuity condition between regions 2 and 3 at z = d, 
Solving the above four equations, i.e., Eqs. (24)- (27), together provides the four unknown field amplitudes, i.e., the forward and backward field amplitudes inside the grating (E 
III. ILLUSTRATIVE EXAMPLES A. Conventional spatially periodic static diffraction grating
For the sake of comparison, we first investigate the diffraction from a conventional planar spatially periodic (static) diffraction gratings [1, 3, 9, 10] . Such a static grating assumes a sinusoidal relative electric permittivity in the region from z = 0 to z = d given by
and interfaced with two semi-infinite dielectric regions, characterized with refractive indices n 1 and n 3 , respectively. Figure 5 shows the time domain FDTD simulation results for the diffraction from a conventional spatially periodic grating with θ i = 0
• , ω 0 = 2π × 10 GHz, δ = 0.5, Ω = 0, K = 0.4k 0 , d = 0.8λ 0 . It may be seen from this figure that, for a monochromatic incident wave, all spatial diffracted orders possess the same wavelength (frequency). Another observed phenomenon is that, since the grating is "undirectional", the diffraction pattern for a normal incidence (θ i = 0) is symmetric with respect to the x axis. Table I lists the analytical results, derived from (8) , for the diffraction angles θ m (in degrees) of the conventional transmissive space periodic diffraction grating in Fig. 1(a) . 
B. Transmissive STP diffraction grating
Next, we demonstrate the diffraction from a planar STP (dynamic) diffraction grating. As a particular case, which is practical and common, we study the grating with a sinusoidal relative electric permittivity in the region from z = 0 to z = d given by
To compute the solution derived in Sec. II D, we shall write the expression in (29) in terms of its spatialtemporal Fourier components, considering the general form given in Eq. (11), i.e., We next insert the nonzero terms of the permittivity, given in (30b), into Eq. (21), and determine the electromagnetic fields inside the grating, dispersion relation [26, 27, 31] , and the diffracted fields. Table II lists the analytical results for the diffraction angles θ mn (in degrees) of the transmissive STP diffraction grating, for normal incidence of a monochromatic wave, θ i = 0
• , ω i = ω 0 = 2π × 10 GHz, where δ = 0.5, Ω = 0.28ω 0 ,
Figure 6(a) shows the corresponding time domain FDTD simulation results for the diffraction from this STP grating. We observe from this figure that, in contrast with the conventional case in Fig. 5 , the diffraction pattern of the STP grating is asymmetric with respect to the x axis. The second observed phenomenon, as expected, is that the diffracted orders possess different wavelengths, which correspond to different frequencies. From Fig. 6(a) , one may conclude that each diffracted order is attributed to a single frequency. However, this is not true. To see the exact phenomenon, we shall look at the frequency spectrum of the diffracted orders, by performing a fast Fourier transform of the transmitted diffracted orders at different angles. It is of great interest to investigate the effect of the thickness of the STP grating (d) on the generation of space and time diffraction orders and the grating efficiency. In general, diffraction gratings may be classified in two main categories, i.e., thin and thick gratings, each of which exhibiting its own angular and wavelength selectivity characteristics. The thin gratings usually result in Raman-Nath regime diffraction, where multiple diffracted orders are produced. In contrast, the thick gratings usually result in Bragg regime diffraction, where only one single diffracted order is produced. Following the procedure described in [3, 12] , we characterize these two diffraction regimes, i.e., the Bragg and Raman-Nath regimes, by the dimensionless parameter
The grating strength parameter is represented by
for TE polarization, and
for TM polarization.
Thin STP grating (RamanNath regime)
The required condition for thin STP gratings exhibiting Raman-Nath regime diffraction is represented by
Thin gratings may be also characterized as gratings showing small angular and wavelength selectivity. As the incident wave is dephased (either in angle of incidence or in wavelength) from the Bragg condition, the diffraction efficiency decreases. The angular range or wavelength range for which the diffraction efficiency decreases to half of its on-Bragg-angle value is determined by the thickness of the grating d expressed as a number of grating periods Λ = 2π/K. For a thin grating this number is reasonably chosen to be
Figure 7(a) shows a generic representation of the Raman-Nath regime diffraction in STP transmissive diffraction gratings, for normal incidence (θ i = 0
• ), ω 0 = 2π × 10 GHz, Ω = 0.4ω 0 and K = 0.4k 0 , δ = 0.5 and d = 0.5λ. Figure 7(b) shows the numerical simulation results for Raman-Nath regime diffraction of the STP grating in Fig. 7(a) . Following the procedure described in [3, 12] (for conventional spatially periodic gratings), for a thin transmissive STP grating operating in the Raman-Nath regime, the diffraction efficiency reads
where P mn and P inc are the diffracted and incident powers, respectively, and where J represents the, integerorder, ordinary Bessel function of the first kind.
Thick STP grating (Bragg regime)
The Bragg regime diffraction may be achieved in thick gratings, where then the required condition is
Thick gratings are capable of exhibiting strong angular and wavelength selectivity. A relatively small change in the angle of incidence from the Bragg angle or a relatively small change in the wavelength at the Bragg angle may result in a relatively strong dephasing, which in turn, decreases the diffraction efficiency. Thick grating behavior occurs when Kd ≥ 20π (38) Figure 7 (c) shows a generic representation of the Bragg regime diffraction in STP transmissive diffraction gratings, for normal incidence (θ i = 0
• ), ω 0 = 2π × 10 GHz, Ω = 0.4ω 0 and K = 0.4k 0 , δ = 0.5 and d = 0.5λ. Figure 7(d) shows the numerical simulation results for Bragg regime diffraction of the STP grating in Fig. 7(c) . Following the procedure described in [3, 12] (for conventional spatially periodic gratings), for a thick transmissive STP grating operating in the Bragg regime, the diffraction efficiency reads
IV. NONRECIPROCAL DIFFRACTION BY STP GRATINGS A. Nonreciprocal Transmissive Diffraction
Over the past few years, there has been a surge of interest in the nonreciprocal wave transmission [24, 26, 27, [67] [68] [69] . Here, we show how a nonreciprocal wave diffraction may be achieved by a spatiotemporally periodic grating. The spatial diffraction of electromagnetic waves by natural media is reciprocal under reversal of the incident wave direction. However, asymmetric and nonreciprocal spatial diffraction of electromagnetic waves has been investigated, over the past two decades, in a few articles [70] [71] [72] [73] [74] . Here we elaborate on the nonreciprocal spatial-temporal diffraction provided by a STP grating that can be used for the realization of different communication and optical systems, such as tunable beam steering. Figure 8 (a) illustrates a particular example, where a +z-propagating incident field (forward wave incidence) obliquely impinges on a STP grating. The STP grating possess an x-traveling space-time-varying permittivity (x, t) = av + δ [1 + sin(Kx − Ωt)]. Figure 8(b) shows the FDTD numerical simulation result of the transmissive diffraction by the STP diffraction grating in Fig. 8(a) with θ i = 35
• , ω 0 = 2π × 10 GHz, where δ = 0.5, Ω = 2π × 4 GHz, d = 0.8λ 0 . As expected, the diffracted spatial-temporal orders possess different wavelengths and different amplitudes. Now, we consider a −z-propagating incident field (backward wave incidence) that obliquely impinges on the same STP grating as in Figs 8(a) and 8(b) , but from the other side of the STP grating and under the same angle of incidence, i.e., θ i = 35
• . This scenario is depicted in Fig. 8(c) , and the corresponding time domain response is shown in Fig. 8(d) . Comparing the numerical simulation results in Figs. 8(b) and 8(d) , we see that the STP grating introduces completely different diffraction patterns for forward and backward incidence. This includes, difference in the angle of diffraction and amplitude of the diffracted fields.
B. Nonreciprocal Reflective Diffraction
Here, we show the operation of the STP diffraction grating in the reflective mode. Such a grating may be realized based on the combination of a STP diffraction grating and a metallic surface. Metals naturally reflect light with high efficiency, so that by integrating a STP grating and a metal, one may achieve a fully reflective STP diffraction grating. Figure 9 (a) depicts a reflective STP grating, where a perfect electric conductor (PEC) is used at the bottom of the structure providing full reflection of spatial-temporal diffractions. Figure 9(b) provides the numerical results for the diffraction by the grating in Fig. 9(a) for forward incidence, where θ i = 35
• , and with an +x-traveling modulation, i.e., (x, t) = av +δ [1+sin(Kx−Ωt)], with ω 0 = 2π×10 GHz, where δ = 0.5, Ω = 2π × 4 GHz, d = 0.8λ 0 . Following the same operation as the transmissive STP grating, here the diffracted orders possess different wavelengths.
Next, to investigate the nonreciprocity of the reflective STP grating, we consider incidence of the wave under the angle of incidence θ i = −35
• , as sketched in Fig. 9 (c). The corresponding FDTD numerical simulation result is shown in Fig. 9(d) . Comparing the results of the forward and backward incidence, provided in Figs. 9(b) and 9(d), respectively, one may obviously see that the reflective diffraction by the grating is nonreciprocal. Such a nonreciprocal reflective diffraction includes nonreciprocal angles of diffraction and nonreciprocal amplitudes of the diffracted fields. Table III lists the analytical results for the diffraction angles θ mn (in degrees) of the reflective STP diffraction grating, considering an incident field impinging on the surface of the grating under the incident angle of θ i = 35
• for forward incidence and θ i = −35
• for backward incidence.
V. PRACTICAL APPLICATIONS
The proposed STP grating offers unique properties that can be utilized for the realization of new types of electromagnetic devices and operations, such as for instance, nonreciprocal beam shaping and beam coding, multi-functionality antennas, tunable and nonreciprocal beam steering, enhanced resolution holography, multiple images holography, illusion cloaking, etc. Figure 10 presents an original application of the STP diffraction grating to wireless communications. Such a communication system is hereby called space-time diffraction code multiple access (STDCMA) system. In the example provided in Fig. 10 , we consider three pairs of transceivers (in practice one may consider more pairs of transceivers). In such a scenario, only the transceiver pairs that share the same space-time diffraction pattern can communicate. Each diffraction pattern is attributed to the properties of the grating space-time modulation, i.e., the input frequency, where the input data (message) plays the role of the modulation signal. For a specified input data (modulation signal), a unique diffraction pattern is created. In the particular example in Fig. 10 , the transceiver pairs that are allowed to communicate are 1 and 1 , 2 and 2 , and 3 and 3 , so that the transceivers 2 and 3 (2 and 3) are incapable of retrieving the data sent by the transceiver 1 (1 ), and the transceivers 1 and 3 (1 and 3) are incapable of retrieving the data sent by the transceiver 2 (2 ), and so forth. Each communication pair shares a certain space-time diffraction pattern. Each diffraction pattern can be created by certain space-time modulation parameters, e.g. δ , av , the K/Ω ratio, and the grating thickness d. Since the radiation pattern provided by a STP diffraction grating is very diverse and is very sensitive to the space-time modulation parameters, an optimal isolation between the transceivers can be achieved by proper design of the diffraction patterns.
Such a multiple access scheme is endowed with fullduplex operation, thanks to the unique nonreciprocity provided by the properties of a STP diffraction grating. Figure 11 depicts the architecture of a STP-diffractiongrating-based transceiver in the STDCMA system in Fig. 10 . Such an architecture is composed of a STP diffraction grating illuminated by an incident wave with frequency f 0 . In the transmit mode (TX), the grating is modulated by the input data denoted by ψ TX which is injected to the grating from the top and travels in the −x direction. In the receive mode (RX), the incoming wave (which includes a set of spatial-temporal diffraction orders) impinges on the grating and while interacting with the incident wave with frequency f 0 , yields a −x traveling wave inside the grating, denoted by ψ RX . We shall stress that traveling of the ψ RX signal in the −x direction is enforced by proper design of the grating, which will be explained later.
As we see in Fig. 11 , the signal wave at the receiver port is composed of the received signal (ψ RX ) plus a portion of the input data of the transmission mode (αψ TX ). To ensure complete cancellation of the ψ TX in the receiver port, we may use the circuit in the left side of Fig. 11 . This circuit is composed of a signal splitter that provides a sample from the input data of the transmit mode (ψ TX ), a variable attenuator and a variable phase shifter for calibration purposes to provide αψ TX . Then, the signal wave at the receiver port, i.e., ψ RX +αψ TX , will be subtracted from the calibrated sample signal, that is αψ TX , by a rat-race coupler. Thus, the signal at the difference port of the rat-race coupler is the desired received signal ψ RX . It is worth mentioning that the calibration of the architecture can be performed by disconnecting the RX port from port-1 of the rat-race coupler, connecting port-1 to a match load, and then seeking for a null at the difference port of the rat-race coupler by adjusting the variable attenuator and variable phase shifter, so that ψ TX is completely canceled out at the difference port of the rat-race coupler. An elegant feature of the transceiver scheme in Fig. 11 is that the diffraction grating is used as the receiver (as well as the transmitter), where the received signal wave acts as the modulation signal (specifies the K and Ω parameters) instead of the incident field. The key reason for the duplexing operation is that, inside the grating the wave can only flow downstream. Figure 12 shows how the full-duplex operation is achieved by proper design of the diffraction grating, where only negative diffraction orders, i.e., −x propagating orders, are generated, while positive diffraction orders, that is +x propagating orders, are evanescent. This way, we ensure that inside the grating, all the diffraction orders are traveling in the −x direction, in both the transmit and receive modes. In Fig. 12 , transceiver 1 operates in the transmit mode, where the input data (ψ TX ) is injected to the grating from the top and while interacting with the incident wave with the wavenumber k 0 , generates a number of nonpositive diffraction orders, i.e., m ≥ 0. In the right side of Fig. 12 , transceiver 1 receives the diffracted orders by transceiver 1, so that the resultant wave inside ψ RX exits the grating from the bottom port of the grating, as all the diffraction orders can only travel in the −x direction.
VI. CONCLUSION
We have presented the analysis and characterization of space-time periodic (STP) diffraction gratings as the generalized version of conventional spatially periodic diffraction gratings. Such STP gratings offer enhanced functionalities and exotic behaviour. It is shown that such gratings provide an asymmetric diffraction pattern, nonreciprocal diffraction, and enhanced diffraction efficiency as well as frequency generation. Moreover, each spatial diffraction order includes an infinite set of temporal diffraction orders. We provided the theoretical investigation of the problem, which has been supported by FDTD numerical simulation results. Such structures with marked differences with conventional spatially periodic diffraction gratings are expected to find interesting applications in optical and communication systems. As a particular example, we have proposed the space-time diffraction code multiple access (STDCMA) system, as a promising communication system featuring full-duplex operation.
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